District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, prolonging the investment return period. The main scope of this paper is to assess the feasibility of using the heat demand -outdoor temperature function for heat demand forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were compared with results from a dynamic heat demand model, previously developed and validated by the authors. The results showed that when only weather change is considered, the margin of error could be acceptable for some applications (the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and improve the accuracy of heat demand estimations. 
Introduction
Achieving the energy savings targets set in the Swiss Energy Strategy 2050 (ES2050) requires a reduction of about 45% in energy use for space heating in buildings by 2035, and a 64% reduction by 2050, compared to 2010 levels. Given the slow transformation of the building stock, particular emphasis should be placed on improving the quantity and quality of building energy retrofits.
However, current research indicates a serious performance gap between theoretical and actual energy savings in real-life condition of execution, operation and use [1, 2] . According to a recent study on a representative sample of retrofitted multifamily buildings, the achieved fractions of the theoretical savings for space heating are in the range of 30% to 65% [3, 4] . It also shows that, under current practices (without optimization), about half of the theoretical saving potential of the Swiss building stock could be achieved in reality, making it difficult to achieve the ambitious goals of the ES2050. In the light of these findings, the purpose of the present contribution is threefold:
 to examine the determinant factors behind the energy performance gap and to quantify their relative importance, via numerical sensitivity analysis;  to explain and decompose the performance gap, by combination of the most sensitive simulation parameters, in relation with observed values;  to explore how to bridge the performance gap, on the basis of two best practice examples.
Nomenclature
Qh space heating demand Qh, norm space heating demand, in standard / normed condition of use
Methodology
26 retrofit operations of residential multifamily buildings were selected from the retrofit building permit requests which were submitted to the Energy Office of Canton Geneva, between 2004 and 2012. The different stages of the selection process are detailed in [4] . Of these, 20 retrofit case studies had a detailed energy balance in the building permit (design values calculated by the engineers) and are therefore considered for following analysis. These cases involve 94 alleys (building entrances), comprising about 2 225 dwellings and covering a total energy reference area of approximately 210 000 m 2 . The buildings are fairly representative of those constructed during the post-war period in the canton of Geneva [4] and more generally in Switzerland, and also offer the most important energy saving potential.
In a first step, a sensitivity analysis of the simulated space heating demand is performed separately for 10 input parameters and over 20 retrofit case studies, using a certified thermal calculation software. The analysis consists in the identification of the most determining factors behind the gap and the quantification of their relative importance on the space heating demand calculation.
In a second step, the combination of the most sensitive parameters allows to understand the observed discrepancy between theoretical and actual energy savings.
In a third step, some mitigation measures capable of reducing the observed performance gap were implemented on two deep retrofit case studies and the respective reduction potential was assessed.
Main factors behind the gap
There are several independent and interdependent factors which can explain why retrofitted buildings do not perform as well as predicted. These factors can occur at different stages of the building retrofit process. Three parameter sets are identified in this study as the main causes for the discrepancy observed: i) inaccuracies due to the use of SIA [5] standard values in the method to calculate the theoretical savings; ii) quality of other input data used for the simulation that depends on the choices made by the model operator (e.g. design weather data, regulation type, shading factor, calculated surfaces, etc.), or model limitations; iii) other factors related to quality of execution, operation, monitoring and user behavior (both occupant and energy operator). In this section, a sensitivity analysis is performed separately for 10 simulation input parameters of set (i) and (ii), for 20 retrofit case studies (B1-B20).
Inaccuracies due to the use of standard values
The sensitivity of Qh to the use of standard SIA values is analyzed separately for the 6 parameters listed in Table  1 . The analysis performed on the 20 retrofit case studies (B1-B20) shows that the two most sensitive parameters are the indoor temperature and the air flow rates, which play a major role in the space heating demand calculation (Qh). Indoor temperature +1 C 
Quality of the input data used for the simulation
The choices made by the model operator in simulating Qh can also contribute to the discrepancy between design and actual performances. In this study, the analysis performed separately on 4 parameters (Tab. 2) shows that, depending on the user choice or appraisal error, uncertainties on the simulated space heating demand can be in the order of 5 -10%. Note that the SIA 380/1 [5] does not provide standard values for these parameters. 
Other parameters
The discrepancy between design and actual performances can further arise from factors which can occur during the execution and operation phase of the retrofit process. Factors like poor commissioning, design changes during execution phase, malfunctioning of technical systems were not assessed in this study, but are partially embedded in the following section.
Decomposition of the performance gap
In a previous study [3] we analyzed the relation between the theoretical and actual energy savings for space heating on 10 of these case studies (B1-B10), for which actual final energy demand before and after retrofit was available. In each case, actual values of Qh were derived by taking into account average heating system efficiencies (depending on the energy career) and an average heat demand for domestic hot water (as derived from a benchmark).
Theoretical savings are defined by the difference between the actual Qh before retrofit and the expected Qh after retrofit, as stated in the building permit and calculated under standard conditions of use; actual savings are defined by the difference between the actual values Qh before and after retrofit. As shown in Fig. 2 (blue points) , the achieved fractions of the theoretical savings for Qh are in the range of 30% to 65%.
In this section, we try to analyze this performance gap by simulating different scenarios, with several combination of the most sensitive parameters identified above:
 V0: reference scenario according to SIA standard condition of use.  V1: real data for occupancy, annual electricity consumption and electricity factor reduction. This analysis is done on 4 of the 10 case studies (B1, B4, B5, B9), representing the observed range of theoretical savings. As a result, the performance gap can be divided into two parts: (i) the potential for optimization, which corresponds to the difference between the actual conditions of use (V4-V5) and the optimal ones (V3); (ii) the difference between the standard (V0) and optimal conditions of use (V3). Fig. 2 . Decomposition of the performance gap in building retrofit.
Successful examples of reducing the gap
The last part of this study explores possibilities of how to bridge the performance gap, on the basis of two further examples (B11, B12-B13), which reflect today's best practices (Fig. 3) . After retrofit, these buildings perform better than the trend observed in Fig. 2 , due to the particular attention paid during the design and execution phase (dark blue points); furthermore, a series of optimization measures were conducted after the retrofit process (red points). Improvements of building B11 (Minergie retrofit) includes correction of the dysfunctions of the solar thermal system, gradual reduction of the indoor temperature using a model predictive control (target: 21.5°C), hydraulic balancing of the heating system and an adjustment of the heating curve (further information in [6] ). For B12 and B13 (Minergie-P retrofit), the implemented measures were an adjustment of the mixing valves of the heating system and of the heating curve, as well as adapting the settings of the heat recovery ventilation system, which was unduly bypassed, resulting in a significant increase of the heat recovery efficiency during the mid-season (from 30% before, up to 80% after optimization [7] ).
After optimization, the achieved fraction of the theoretical saving potential has in both cases been increased from 65% to around 80%. The rest is mainly due to the difference between the standard and optimal conditions of use, in particular the use of optimistic/inaccurate values of the SIA standard for calculating the theoretical savings.
Conclusions
This study focuses on a previously analyzed representative sample of retrofitted multifamily buildings, for which the achieved fractions of the theoretical savings for space heating are in the range of 30% to 65%.
A numerical sensitivity analysis concerning standard parameters points out the particular influence of the indoor temperature and the air flow rates (each additional degree leads to an increase of the space heating demand by around 11%, whereas an elevation of the air flow rate of 0.2 m 3 /h.m 2 leads to an increase of about 17 MJ/m 2 ). The performance gap of the building sample is analyzed by way of different scenarios, with several combination of the most sensitive parameters. It shows that the performance gap can be divided into two parts: (i) the potential for optimization, which corresponds to the difference between the actual and the optimal conditions of use; (ii) the difference between the standard and the optimal conditions of use. While the main goal of using standard calculation method (in normed condition of use) is to compare the calculated energy use of buildings with the limit and target values, on a common basis, the question remains whether it makes sense to use such a method to estimate real energy savings at building level, or to design thermal retrofit strategies and policies.
Finally, the last part of the study explores possibilities of how to bridge the performance gap, on the basis of two best practice examples. The result shows that the optimization measures conducted after the retrofit process allows to increase in both cases the achieved fraction of the theoretical saving potential from 65% to around 80%. This demonstrated that a significant reduction of the performance gap is possible through building optimization and responsible behavior (both occupant and energy operator).
